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STUDIES OF INTERFACIAL SURFACE ENERGIES 

George A Lyerly and Henry Peper 

ABSTRACT 

The d e n s i t i e s  and s u r f a c e  t ens ions  a t  20°C. of water, a b s o l u t e  e t h a n o l ,  
uns-dimethyl hydrazine (UDMH), hydraeine,  Arizine-50,  n i t r i c  a c i d  pro- 
p e l l a n t  I I I B ,  d i - n i t r o g e n  t e t r o x i d e ,  and 90% hydrogen peroxide were d e t e r -  
mined by t h e  Westphal and the  duNouy methods r e s p e c t i v e l y ,  The c o n t a c t  
ang le s  of each of t hese  l i q u i d s  on g l a s s  and on prepared s u r f a c e s  of 
aluminum a l l o y ,  t i t a n i u m  a l l o y ,  and s t a i n l e s s  s t e e l  were observed u s i n g  
t h e  sessile drop method. Each of the l i q u i d s  w e t  each of t h e  solids 
i n i t i a l l y .  Changes i n  the  c o n t a c t  angle due t o  s u r f a c e  aging were ob- 
served,  and d i f f e r e n c e s  i n  t h e  l i q u i d  spreading e f f e c t s  were noted. 
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A s  a p a r t  of t h e  o v e r a l l  study of t h e  behavior  of r o c k e t  engine 
p r o p e l l a n t s  s t o r e d  i n  space v e h i c l e  t anks  wh i l e  exposed t o  w e i g h t l e s s -  
n e s s ,  t h e  c o n t a c t  ang le s  of l i q u i d  propel'J.ants on prepared s u r f a c e s  
of t ank  m a t e r i a l s  were experimental ly  determined The s u r f a c e  t e n s i o n s  
and d e n s i t i e s  of t h e  l i q u i d  p r o p e l l a n t s  were determined t o  complement 
t h e  c o n t a c t  a n g l e  measurements. 

I n i t i a l  low con tac t  ang le s  i n  t h e  range of 2' - 0' accompanied by 
spontaneous spreading were observed f o r  drops of each l i q u i d  on each 
s o l i d  s u b s t r a t e ,  
s o l i d  systems oljserved remained w e t ,  The excep t ions  were t h e  l i q u i d  
s o l i d  p a i r s  of c o n d u c t i v i t y  water on p o l i s h e d  aluminum and s t a i n l e c s  
s t ee l  s u r f a c e s  and of 90% hydrogen pe rox ide  on po l i shed  aluminum 
s u r f a c e s ,  

Aging experiments showed t h a t  most of t h e  l i q u i d -  

The Marangoni o r  "wineglass" e f f e c t  was observed t o  occur i n  t h e  
spreading of uns-dimethyl hydrazine (UDMH), Arizine-50, and d i - n i t r o g e n  
t e t r o x i d e  on each s o l i d  s u r f a c e  This e f f e c t  was observed a l s o  f o r  90% 
hydrogen pe rox ide  on s a t i n i z e d  s t a i n l e s s  s tee l .  
t h a t  t h e  Marangoni e f f e c t  was observed, t h e  l i q u i d s  w e t  t h e  s o l i d  
s u r f a c e s  wi th  a t r u e  ze ro  c o n t a c t  ang le  

Over t h e  t ime p e r i o d  
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INTRODUCTION -- -- 
The NASA Lewis Research Center is currently conducting a study of 

the problems associated with the behavior of rocket engine propellants 
stored in space vehicle tanks while exposed to weightlessness (zero 
gravity) during coasting periods, 
liquid rocket propellants on tank materials will be needed to design 
suitable propellant tank configurations to control the positioning of 
the liquid and vapor within the tank. 

A knowledge of the contact angles of 

The purpose of this investigation was to experimentally determine 
the solid-liquid interfacial contact angle of each of eight liquids on 
each of seven solid surfaces" The densities and surface tensions of 
the liquids were determined to complement the contact angle measurements. 
The liquids and solids used in this study were as follows: liquids - 
water, alcohol, 90% hydrogen peroxide, hydrazine, uns-dimethyl hydrazine 
(UDMH), Arizine 50, nitric acid propellant type IIIB, and di-nitrogen 
tetroxide; solids - glass, aluminum, stainless steel, and titanium 
alloy. 
finish, 
the Experimental Section. 

The metals were given both a polished and a randomly roughened 
The complete liquid and solid specifications are listed in 

Although isolated measurements of the densities and surface tensions 
at various temperatures of some of the fuels and oxidizers were found in 
the literature, no tabulation of these measurements at one temperature 
was found. The present work provides a systematic tabulation of the 
surface tensions and densities of the liquid propellants at one tempera- 
ture (2OOC.) and records the observed contact angles of these liquids 
at the same temperature on clean specimens of tank materials and on 
glass. 

The behavior of liquids in weightlessness has been studied experi- 
mentally in a series of papers by Petrash et a1 (1, 2, 3 ) ;  initially, 
in a free-fall drop tower as a function of tank geometry, liquid filling, 
and liquid wetting properties; and then in the flight of the MA-7 space- 
craft in a spherical tank containing a cylindrical capillary tube ( 4 ) .  
These experiments demonstrate the practical effectiveness of using liquid- 
solid capillary forces to control the positioning of a liquid in a tank 
under zero gravity conditions, The results presented in this report 
provide part of the numerical data necessary to design capillary spaces 
to control the positioning of the currently used liquid propellants. 

Valuable assistance was received from Mr. DeWitt C... Knowles of 
Harris Research Laboratories for the design of the experimental apparatus 
and from Dr. Anthony M, Schwartz of Harris Research Laboratories in 
interpreting the observations of liquid spreading effects, 
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EXPERIMENTAL 

Since the purpose of this work was to obtain accurate data, con- 
siderable attention was paid to the experimental procedures used for 
determining the contact angles, surface tensions, and densities; for 
cleaning the solid surfaces, glassware, and metalware; and for polishing 
and satinizing the metal specimens. 
used for this work were obtained from NASA suppliers under the appropri- 
ate Military Specification or ASTM Specification. The methods of Zisman 
and co-workers (5) were used for many of the procedural details of the 
contact angle measurements. The measurements made with toxic fuels or 
highly reactive oxidizers were done in a laboratory hood. Figure 1 is 
a photo of the apparatus used for contact angle measurements with di- 
nitrogen tetroxide. The thermostat is at the left of the hood bench; 
the contact angle goniometer is in the center, and the delivery system 
for the di-nitrogen tetroxide is at the right. The surface tensions and 
densities were determined by replacing the contact angle goniometer with 
the appropriate instrument. 

The propellants and metal alloys 

A. Materials 

1. Material Specifications 

1. Water - -  Pyrogen free, inorganic contamination less 
than 0.5 pts/million, resistance no less than 
0.6 megohms/cc at 2OoC. 

2 .  Ethanol - -  Chemically pure, undenatured, anhydrous 
ethanol (200 proof). 

3. Hydrazine (N2H4) -- Military specification, MIL-P- 
2653A (USAF), 31 July 1959. 

4. UDMH (uns-dimethyl hydrazine) -- Military specifica- 
tion MIL-D-25604B, 12 September 1958 and 
MIL-D-25604B Amendment 1, 5 March 1959. 

5. Arizine 50 -- 0.5/0.5 parts by weight hydrazine and 
UDMH . 

6. 90% hydrogen peroxide -- Military specification MIL- 
H-l6005C, 10 September 1956. 

7. Nitric acid propellant type IIIB -- Military specifi- 
cation MIL-P-7254E, 8 September 1959 and 
MIL-P-7254E Amendment 1, 17 August 1961. 
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8. di-Nitrogen tetroxide (N2O4) - -  Military Specification 
MIL-P-26539A, 31 July 1961, and MIL-P-26539A 
Amendment 1, 5 April 1963. 

Solids 

1. Glass -- Corning "Pyrex" Brand Chemical Glass No. 
7740. 

2. Type 301 Stainless steel - -  AlS1, Fed. Std. 66B, 
Fed. Spec. QQ763C. 

3.  Type 6961 T6 Aluminum -- Fed. Spec. QQ-A-00200/8 or 
ASTM B221-64,. 

4. Titanium alloy, Grade 6 - -  ASTM B348-59T, Mil. Spec. 
MIL-S-5059A. 

2. Solid Specimens 

Six types of prepared metal specimens and one type of plate 
finished Pyrex 7740 chemical glass were used for the solid surfaces. 
Some specimens of each metal listed were given a polished specular 
finish, and others were given a satin finish. Plate finished 1" x 1" 
squares of Pyrex type 7740 chemical glass were used as received. 

Metal specimens -- Cylindrical planchets, 1" diameter x 318" 
height, were cut from 1" round bar stock of type 6061 T6 aluminum alloy ~. 

and of grade 6 titanium alloy ASTM B348-59T. The planchets cut from 
type 301 stainless steel were 1/8" in height since this material was 
received in sheet form. The two faces of each planchet were ground 
parallel using a Norton traveling bed surface grinding machine. Six 
planchets were prepared from each alloy. 

3. Metal Specimen Finishing (6) 

Fine grinding and pre-polishing -- After the planchet faces 
were surface ground, fine grinding was done by hand under water on a 
Lunn-Labor wet grinding table beginning with number 220 grit silicon- 
carbide paper and finishing with number 600 grit silicon-carbide paper. 
Pre-polishing was done on a Fisher polishing wheel using Buehler No. 1 
AB Polishing Alumina (aqueous slurry) on a Buehler AB silk Polishing 
Cloth followed by a finer polish using Buehler AB Gamma No. 3 Polishing 
Alumina (aqueous slurry) on a fresh AB Silk Cloth. 

- 6 -  

Harris Research Laboratories, Inc. 



Fine p o l i s h i n g  -- Planchet  f ine  f i n i s h i n g  w a s  done on the  F i s h e r  
P o l i s h i n g  wheel u s ing  an aqueous s l u r r y  of Buehler Magomet on a Buehler 
Micropore c l o t h  f o r  t he  aluminum planchets  and Buehler AB Gamma No. 3 
P o l i s h i n g  Alumina on a Buehler Micropore c l o t h  f o r  t h e  t i t a n i u m  and 
s t a i n l e s s  p l anche t s .  

S a t i n i z i n g  -- Fine pol ished planchets  were s a t i n i z e d  by a sand- 
b l a s t i n g  technique us ing  80-120 mesh s i l i c a  blown by o i l  f r e e  n i t l n g e n .  
The s a n d b l a s t i n g  appa ra tus  cons i s t ed  of an Erlenmyer s u c t i o n  f i l t e r  f l a s k  
(500 m l )  con ta in ing  t h e  s i l i c a  and f i t t e d  w i t h  a rubber  s toppe r  through 
which a loose f i t t i n g  30 cm.length of 10 mm. g l a s s  t ub ing  was pos i t i oned  

, so t h a t  i t s  bottom touched the s i l i c a .  The r e g u l a t o r  gauge was set a t  
10 p s i g .  The powdered s i l i c a  was impinged a g a i n s t  t h e  planchet  from a 
d i s t a n c e  of s i x  inches u n t i l  uniform roughening had been ob ta ined .  

B .  Procedures 

1. Contact Angle Measurements 

The fol lowing o p e r a t i o n a l  sequence was used f o r  each c o n t a c t  
angle  measurement: 1) c l ean ing  and f i l l i n g  the c o n t a c t  angle  c e l l ;  2) 
c l e a n i n g  and i n s e r t i n g  the c a p i l l a r y  t r a n s f e r  p i p e t t e ;  3) c l e a n i n g  and 
i n s e r t i n g  the  s o l i d  specimen; and 4 )  making t h e  measurement. Two types 
of c o n t a c t  angle  experiments were done. I n  t h e  f i r s t  type of expe r i -  
ment, s i x  i n i t i a l  advancing and receding c o n t a c t  angles  were obtained 
f o r  the t e s t  l i q u i d  on t h e  c l ean ,  d ry  s o l i d  s u r f a c e .  I n  the second 
type of experiment advancing and receding c o n t a c t  ang le s  were measured 
on a cont inuously aging s u r f a c e  a f t e r  the i n i t i a l  drop w a s  placed on 
the  c l e a n ,  d r y  s o l i d  s u r f a c e .  The following paragraphs d e s c r i b e  t h e s e  
two types of experiments.  

Measurement of advancing and receding c o n t a c t  ang le s  on f r e s h l y  
cleaned s o l i d s  -- 
method i n  which a drop of t h e  t e s t  l i q u i d  was placed on a plane,  h o r i -  
z o n t a l  s o l i d  specimen and the  con tac t  angle a t  t h e  i n t e r s e c t i o n  of t he  
l i q u i d - v a p o r - s o l i d  i n t e r f a c e  was measured u s i n g  a t e l e scope  having a 
goniometer eyepiece ( 7 ) .  The s o l i d  specimen was placed i n  a covered, 
water  j a c k e t e d ,  r e c t a n g u l a r  o p t i c a l  c e l l .  A l a y e r  of the t e s t  l i q u i d  
1/8" deep was placed i n  t h e  bottom of the o p t i c a l  c e l l  t o  i n s u r e  r a p i d  
vapor s a t u r a t i o n  of t h e  c e l l  atmosphere. A c a p i l l a r y  p i p e t t e  was 
i n s e r t e d  i n t o  t h e  c e l l  i n t e r i o r  through a 1/16" hole  i n  the g l a s s  cover  
p l a t e  t o  t r a n s f e r  l i q u i d  w i t h i n  the ce l l .  

Contact ang le s  were measured by t h e  s e s s i l e  drop 

I n  a t y p i c a l  measurement, t he  c l ean  o p t i c a l  c e l l  ( s e e  O p t i c a l  
Cel l  Cleaning) con ta in ing  the test  l i q u i d  was placed on t h e  goniometer 
p l a t fo rm and connected t o  t h e  Haake c i r c u l a t o r .  A c l e a n  c a p i l l a r y  
p i p e t t e  w a s  then placed through the ce l l  cover  p l a t e .  A f t e r  a 30 
minute e q u i l i b r a t i o n  t i m e ,  a s o l i d  specimen was cleaned and d r i e d  ( s e e  
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Specimen Cleaning);  the c e l l  cover p l a t e  was moved a s i d e  momentarily; 
t h e  s o l i d  specimen was placed on the  bottom of the  o p t i c a l  c e l l  and the 
cover p l a t e  was replaced.  A sample of l i q u i d  was then  withdrawn from 
t h e  bottom of the c e l l  i n t o  t h e  c a p i l l a r y  p i p e t t e  and a drop 1 mm. i n  
diameter  was allowed t o  f a l l  f r e e  onto the  s o l i d  s u r f a c e  t o  produce an 
advancing contact  ang le .  
l e f t -hand  edges of t h e  drop were recorded. Receding ang le s  were gene- 
r a t e d  by withdrawing an increment of l i q u i d  from the  top of t he  drop,  
and t h e  right-hand and l e f t -hand  ang le s  were recorded as be fo re .  I f  
t he  l i q u i d  continued t o  spread,  a s  w i th  a b s o l u t e  e t h a n o l ,  t he  planchet  
was removed from the  t e s t  c e l l ,  recleaned,  d r i e d ,  and the measurement 
was repeated on two more drops on d i f f e r e n t  a r e a s  of t h e  same s o l i d  
specimen. The measurement sequence was repeated f o r  a second s o l i d  
specimen of t he  same type.  The corresponding advancing and receding 
c o n t a c t  angles from s i x  d i f f e r e n t  d rops  were averaged t o g e t h e r  t o  g ive  
t h e  va lues  reported i n  Table I. 

The c o n t a c t  ang le s  of both the  r ight-hand and 

The con tac t  angle  goniometer contained i d e n t i c a l  o p t i c s  and t h e  
same t r a n s l a t i o n a l  motions a s  Zisman's instrument .  The con tac t  angle  
goniometer s c a l e  was d iv ided  i n t o  1' i n t e r v a l s .  
were recorded t o  t h e  n e a r e s t  whole degree.  The v a r i a t i o n  i n  t h e  observed 
ang le s  w a s  l e s s  than a half-degree.  
ang le s  was noted bu t  was no t  measured s i n c e  the t o t a l  v a r i a t i o n  was less 
than  t h e  instrument r e s o l u t i o n .  

The c o n t a c t  angle  d a t a  

The e s t ima ted  v a r i a t i o n  i n  c o n t a c t  

Measurement of advancing and receding c o n t a c t  ang le s  on an 
aging su r face  -- The second type of experiment was a time s tudy i n  which 
a s i n g l e  drop of l i q u i d  was placed on a cleaned d ry  p l anche t ;  the 
advancing angles were observed; an increment was withdrawn; the  receding 
ang le s  were observed; a f i v e  minute wai t  was taken;  an increment was 
added t o  the drop; advancing ang le s  were read aga in ,  and t h e  sequence 
was repeated a t  f i v e  minute i n t e r v a l s  f o r  a t h i r t y  minute t i m e  pe r iod .  
It should be emphasized t h a t  t hese  ang le s  were no t  averages but were 
s i n g l e  observat ions made s e q u e n t i a l l y .  

The appearance of a drop forming a f i n i t e  c o n t a c t  angle  as 
viewed from above and through the  goniometer t e l e scope  i s  i l l u s t r a t e d  
i n  the photographs i n  F igu res  2 and 3 .  

2 .  Surface Tension Measurements 

The su r face  t e n s i o n s  of t he  l i q u i d  p r o p e l l a n t s  used i n  t h i s  
s tudy,  except 90% hydrogen peroxide,  were measured us ing  the  platinum 
r i n g  and Cenco du Nouy tensiometer  (8). The Harkins and Jordan (9,lO) 
c o r r e c t i o n s  f o r  the weight of l i q u i d  r a i s e d  by t h e  r i n g  du r ing  a measure- 
ment were used. The s u r f a c e  t e n s i o n  of  t h e  90% hydrogen peroxide was 
measured using a Pyrex g l a s s  Wilhelmy p l a t e  and an a n a l y t i c a l  balance 
(11). It was necessary t o  use the  g l a s s  Wilhelmy p l a t e  f o r  t he  
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Figr_?re 2 

A drop of 90% Hydrogen Peroxide Viewed From Above Maintaining a F i n i t e  Contact Angle 
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Figure 3 

The P r o f i l e  of a Drop of 90% Hydrogen Peroxide on Po l i shed  Aluminum 
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measurement of t he  su r face  t e n s i o n  o f  hydrogen peroxide s i n c e  plat inum i s  
a s p e c i f i c  decomposition c a t a l y s t  f o r  hydrogen peroxide.  The accuracy of 
t h i s  method was confirmed by measuring t h e  s u r f a c e  t e n s i o n  of conduc t iv i ty  
water  which was 72.71 dynes cm-l. 
t h e  s u r f a c e  t ens ion  of water  (12) was 72.75 dynes cm-l, and a c a l c u l a t e d  
va lue  (13) was 72.80 dynes cm-1. 

The l i t e r a t u r e  value (averaged) f o r  

3. Density Measurements 

The procedure used t o  measure t h e  d e n s i t i e s  of t h e  l i q u i d  pro- 
p e l l a n t s  was a modified Westphal method desc r ibed  by S te inbach  and King 
(14) .  B r i e f l y ,  the method cons i s t ed  of weighing a submersible body i n  
a i r  and then immersed i n  the  t e s t  l i q u i d .  A c a l i b r a t i o n  of t h e  submersi- 
b l e  body was obtained by us ing  water  a s  one of t he  t e s t  l i q u i d s .  
i so the rma l  measurement was achieved by p l ac ing  the t e s t  l i q u i d  i n  a 
j acke ted  c e l l  through which cons t an t  temperature water  was c i r c u l a t e d .  
A modified a n a l y t i c a l  balance was used t o  o b t a i n  the weights .  

A nea r  

D e t a i l s  of a modified Westphal method f o r  measuring the  d e n s i t y  
of hydrogen peroxide s o l u t i o n s  i n  water have been presented by Wynne Jones 
e t  a1 (16).  

4. .  Cleaning and Handling Techniques 

Cleaning r e a g e n t s  -- Analyzed ACS Grade r eagen t s  were used f o r  
t he  s u l f u r i c - n i t r i c  ac id  and a l coho l  KOH c l ean ing  s o l u t i o n s .  Commercial 
"Tide" was used f o r  planchet  washing. Conduct ivi ty  water  brought t o  t h e  
b o i l  i n  an a l l  g l a s s  Pyrex wash-bot t le  was used f o r  r o u t i n e  r i n s i n g .  

Handling Techniques 

Op t i ca l  c e l l  c l ean ing  -- The o p t i c a l  c e l l  used f o r  c o n t a c t  angle  
measurements was cleaned r o u t i n e l y  by f i l l i n g  the c e l l  w i th  a s a t u r a t e d  
s o l u t i o n  of KOH i n  isopropanol  and al lowing t h e  c e l l  t o  s t and  f o r  a t  l e a s t  
1 hour. Af t e r  emptying the c e l l ,  t h e  r e s i d u a l  base was e x t r a c t e d  exhaust-  
i v e l y  ( a t  l e a s t  10 times) w i th  b o i l i n g  c o n d u c t i v i t y  water.  The t e s t  f o r  
c e l l  c l e a n l i n e s s  was t h e  complete we t t ing  (absence of "water break") of 
the c e l l  surfaces  by room temperature c o n d u c t i v i t y  w a t e r .  The c e l l  cover 
was cleaned by immersion i n  h o t  mixed n i t r i c  and s u l f u r i c  a c i d s  (2 : l  v o l .  
r a t i o  r e spec t ive ly )  and r i n s e d  wi th  b o i l i n g  conduc t iv i ty  wa te r .  

When measurements were t o  be made wi th  l i q u i d s  o t h e r  than con- 
d u c t i v i t y  water,  the r e s i d u a l  water  was e x t r a c t e d  w i t h  t h e  t e s t  l i q u i d .  

Glass p i p e t t e  c l e a n i n g  -- C a p i l l a r y  g l a s s  p i p e t t e s  were s t o r e d  
i n  mixed n i t r i c - s u l f u r i c  a c i d s  (17) a t  room temperature immediately a f t e r  
drawing. No p i p e t t e  was used u n l e s s  i t  had stood i n  the  mixed a c i d s  f o r  
a t  l e a s t  24, hours .  Each p i p e t t e  used was d ra ined  of a c i d ,  r i n s e d  
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e x h a u s t i v e l y  ( a t  l e a s t  10 times 3 w i t h  b o i l i n g  c o n d u c t i v i t y  water ,  and 
d r i e d  by e x t r a c t i o n  wi th  abso lu te  e thano l  and flamed. The c l ean ,  d ry  
p i p e t t e  was then placed through the  cover p l a t e  hole  and kept  t h e r e  f o r  
t he  d u r a t i o n  of a measurement. 

S o l i d  specimen c l ean ing  - -  Polished o r  s a t i n i z e d  metal  specimens 
were washed w i t h  Tide (18) and running hot  t a p  wa te r  u s ing  a camel 's  h a i r  
brush. A f i n a l  Tide wash and r i n s e  was done w i t h  b o i l i n g  conduc t iv i ty  
water .  The r e s i d u a l  water  f i l m  was allowed t o  f l a s h  o f f  t he  ho t  specimen, 
which was then placed i n  the  c o n t a c t  angle c e l l .  

Glass specimens (17)  were s to red  i n  mixed n i t r i c - s u l f u r i c  ac id  
a t  room temperature .  For u s e ,  they were r i n s e d  w i t h  b o i l i n g  conduc t iv i ty  
water, t h e n  heated by p l ac ing  them i n  a c o n t a i n e r  of b o i l i n g  conduc t iv i ty  
wa te r .  The g l a s s  specimens were withdrawn from the  b o i l i n g  conduc t iv i ty  
water  under continuous f l u s h i n g  wi th  b o i l i n g  c o n d u c t i v i t y  wa te r .  T h i s  
technique in su red  the r a p i d  f l a s h  of r e s i d u a l  water  from t h e  g l a s s  
spec imen a 

S t a i n l e s s  s t e e l  tongs -- The s t a i n l e s s  s t e e l  tongs used f o r  
handl ing t h e  s o l i d  specimens were swir led i n  hot  mixed n i t r i c - s u l f u r i c  
a c i d s  and r i n s e d  w i t h  b o i l i n g  conduc t iv i ty  water  p r i o r  t o  use.  

S p e c i f i c  g r a v i t y  c e l l  -- The c y l i n d r i c a l ,  j a c k e t e d  s p e c i f i c  
g r a v i t y  c e l l  was cleaned wi th  a l c o h o l i c  KOE a s  desc r ibed  f o r  t h e  c o n t a c t  
angle  c e l l .  A P l e x i g l a s s  cover was cleaned wi th  ho t  Tide s o l u t i o n ,  r i n s e d  
w i t h  b o i l i n g  c o n d u c t i v i t y  wa te r ,  and the r e s i d u a l  water  e x t r a c t e d  wi th  
t h e  t e s t  l i q u i d .  T h i s  c e l l  was a l s o  used f o r  t h e  s u r f a c e  t e n s i o n  
measurements. 

Westphal bob -- The Westphal bob was s t o r e d  i n  mixed n i t r i c -  
s u l f u r i c  a c i d s ,  r i i lsed wi th  b o i l i n g  conduc t iv i ty  water ,  and a i r  d r i e d  
f o r  u se .  

Glass hanger -- The g l a s s  hanger used f o r  t he  d e n s i t y  measure- 
ment on t h e  9Wo hydrTgen peroxide was s t o r e d  i n  mixed n i t r i c - s u l f u r i c  
a c i d s ,  r i n s e d  wi th  b o i l i n g  conduc t iv i ty  wa te r ,  and a i r  d r i e d  f o r  use.  

RESUTJS AXi? DXSCUSSION -.- - 
The e x p e r i n e n t a l l y  determined r e s u l t s  a r e  p re sen ted  and d i scussed  

i n  d e t a i l  i n  t h e  fol lowing sub-sect ions.  The h i g h l i g h t s  of t h e  r e s u l t s  
of t he  c o n t a c t  angle  s t u d i e s  a r e  a s  follows: I n i t i a l l y ,  a l l  t he  l i q u i d s  
spread spoataneously wi th  advancing contact  ang le s  of 2" o r  less on a l l  
t he  s o l i d  (Table 31) s u r f a c e s .  However, a l a r g e  i n c r e a s e  i n  t h e  advancing 
c o n t a c t  angle  (up t o  30")  occurred on pol ished aluminum aged f o r  t h i r t y  
minutes u s i n g  drops of both water  and 50%; hydrogen peroxide.  The s u r f a c e  
of po l i shed  type 301 s t a i n l e s s  s t e e l  a l s o  became hydrophobic when aged i n  
the  presence of water  vapor.  
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Unusual effects were observed with many of the liquid solid combina- 
tions in which a drop of liquid was observed to retain its configuration 
while resting on a thin layer of its own liquid. One would normall-y expcet 
a wetting liquid to spread into a thin flat sheet on the solid surface as 
alcohol does Interference colors were observed to exist for short periods 
of time on the solid surface surrcunding the drop, which confirmed the 
presence of a thin liquid layer extending outward from it. From these 
observations, the conclusion was drawn that, regardless of the mechanism 
that caised the drop to remain discreet, true wetting of the solid surface 
by the liquid hat? occurred It is believed that tbese drops are a mani- 
festation of the wineglass effect. 
gradients generated by unequal evaporation rates of the components of 
mixtLrea of liquids having different surface tensions. Surface tension 
gradient effects have been described for alcohol-water systems by Thompson 
(19) and more recently by Bascom et a1 ( 2 0 )  for the spreading of oils 
on solid surfaces. 

This effect is due to surface tension 

From the low values of the measured contact angles and from the 
observations of the spreading effects of the liquid propellants on the 
solid surfaces, the liquid propellants were said to wet the surfaces of 
the tank materials with a true zero contact angle The term wetting is 
used in a very restrictive sense in this report to mean initial spon- 
taneous spreading with a corresponding near zero contact angle. 

Table TI presents the experimentally determined density and surface 
tcnfion values for the liquid propellants together with comparison values 
taken from the literature. The data for water are presented first since 
these measurements gave a verification of the experimental procedures and 
provided a calibration of the Westphal bob for the density determinations 
of the remaining liquids. The data for the four fuels are presented next 
as a group followed by the data for the three oxidizers, This order was 
chosen since the experimental procedures for the density and surface 
tension measurements on zhe 90% hydrogen peroxide were different from 
those used for the other liquids 

The data for absolute ethanol were in fair agreement with litera- 
ture values (21, 22) 

Baker and Gilbert ( 2 3 )  measured the surface tension of aqueous 
hydrazine solutions using the maximum bubble pressure method with hydrogen 
instead of air as the bubble forming gas According to their results, 
the surface tension of hydrazine measured in an air atomsphere was lower 
than that measured in a hydrogen atmosohere The surface tension value 
of hydrazine in the present work measured in an air atmosphere saturated 
with hydrazine vapor is consistent with Baker and Gilbert s observation 
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The l i t e r a t u r e  v a l u e  f o r  t h e  s u r f a c e  t e n s i o n  of UDMH (24) i s  sub- 
s t a n t i a l l y  h igher  than  was found i n  t h e  p re sen t  work. No l i t e r a t u r e  
r e f e r e n c e s  were found f o r  e i t h e r  d e n s i t y  o r  s u r f a c e  t e n s i o n  v a l u e s  of  
t h e  Ar iz ine  50 blend. 

A comparison v a l u e  f o r  t h e  d e n s i t y  of  t h e  n i t r i c  a c i d  was de r ived  
from d a t a  suppl ied by t h e  manufacturer  (25). 
g cc'l was found t o  correspond t o  t h e  a n a l y s i s  of t h e  n i t r i c  a c i d  sample. 
The experimental ly  determined va lue  from t h e  p r e s e n t  work was 1.556 g c c - l ,  
i n  f a i r  agreement wi th  t h e  recorded value.  
probably due t o  l o s s  of  NO2 dur ing  handl ing.  Although no comparison 
va lues  f o r  t h e  s u r f a c e  t ens ion  of  t h e  n i t r i c  a c i d  were found, an i n t e r -  
p o l a t i o n  of d a t a  f o r  99.8% n i t r i c  a c i d  gave a va lue  of ( = 40 dynes 
cm'l (approx) a t  2OOC. 
va lue  f o r  the  n i t r i c  a c i d  of = 44.0 dynes cm'l a t  2OOC. i s  probably 
i n  t h e  c o r r e c t  range f o r  t h i s  m a t e r i a l ,  assuming t h a t  t h e  d i s s o l v e d  HF 
s t a b i l i z e r  r a i s e s  t h e  s u r f a c e  t ens ion .  

A recorded v a l u e  of  1.560 

The lower measured v a l u e  was 

The exper imenta l ly  determined s u r f a c e  t e n s i o n  

A comparison va lue  €or  t h e  d e n s i t y  of  n i t r o g e n  t e t r o x i d e  was 
suppl ied  by t h e  manufacturer  (26). No v a l u e  f o r  t h e  s u r f a c e  t e n s i o n  o f  
t h i s  ma te r i a l  was found i n  t h e  l i t e r a t u r e .  

Comparison va lues  f o r  both t h e  d e n s i t y  and s u r f a c e  t e n s i o n  of  t h e  
90% hydrogen peroxide were obta ined  from a l i n e a r  i n t e r p o l a t i o n  of  
d a t a  quoted by t h e  manufacturer  (27). The exper imenta l ly  determined 
va lues  were i n  f a i r  agreement w i t h  t h e  de r ived  comparison va lues .  

The l a r g e s t  known d e v i a t i o n  i n  t h e  measured d e n s i t i e s  was 0.3%, 
f o r  t h e  dens i ty  of  t h e  n i t r i c  ac id .  

I n i t i a l  Contact Angles of t h e  Liquid P r o p e l l a n t s  on F resh ly  Cleaned 
So l id  Surfaces  

Table I1 p r e s e n t s  t h e  i n i t i a l  advancing and receding  con tac t  a n g l e  
d a t a  observed f o r  each of  t h e  l i q u i d  p r o p e l l a n t s  on each o f  t h e  s o l i d  
s u b s t r a t e s .  Drops of  a l l  t h e  l i q u i d s  except  water  and 90% hydrogen 
peroxide  continued t o  spread a f t e r  t h e  i n i t i a l  drop was p laced  on t h e  
s o l i d  sur face .  The con tac t  angles  o f  t h e s e  spreading  drops were n o t  
s t a t i c  equi l ibr ium con tac t  ang le s  but  r a t h e r  were t h e  measured ang le  
of a moving f r o n t  of l i q u i d  which was i n  equ i l ib r ium w i t h  an a i r  atmos- 
phere nea r ly  s a t u r a t e d  wi th  t h e  l i q u i d  vapor.  Withdrawing an  increment 
of l i q u i d  from these spreading  drops momentarily stopped t h e  spreading ,  
and t h e  r e s u l t i n g  observed angle  was recorded a s  t h e  receding  angle .  
As used i n  t h i s  r e p o r t ,  a zero  degree  con tac t  a n g l e  means t h a t  t h e  
l i q u i d  has  spread i n  a t h i n  f l a t  shee t  and t h e  observed l i q u i d - s o l i d -  
vapor i n t e r f a c i a l  ang le  i s  l ess  than 0.5 degree.  
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Drops of water  and hydrogen peroxide d id  no t  cont inue t o  spread on 
the  s o l i d  s u r f a c e s  but  assumed a s t a t i o n a r y  p o s i t i o n  a f t e r  t he  i n i t i a l  
advance of t h e  drop. The con tac t  angles r epor t ed  a r e  t h e  c o n t a c t  ang le s  
of t h i s  s t a t i o n a r y  p o s i t i o n .  Some contact  angle h y s t e r e s i s  was observed 
when increments of l i q u i d  were withdrawn from drops of water o r  90% 
hydrogen peroxide t o  form receding angles.  The observed h y s t e r e s i s  
e f f e c t  w a s  t h a t  t h e  planchet  a r ea ,  covered by t h e  drop when t h e  l i q u i d  
advanced, remained covered by l i q u i d  when the  increment w a s  withdrawn. 
From t h e  obse rva t ions  t h a t  t h e  r e s u l t i n g  drop had a lowered he igh t ,  volume, 
and c o n t a c t  angle ,  t h e  conclusion was drawn t h a t  t he  s o l i d - l i q u i d  i n t e r -  
f a c i a l  a r e a  had no t  changed appreciably.  Visual i n s p e c t i o n  of t he  drop 
showed t h a t  t he  drop s o l i d - l i q u i d  i n t e r f a c i a l  per imeter  appa ren t ly  had 
no t  c o n t r a c t e d  when l i q u i d  was withdrawn from t h e  drop. 
ang le  could be made t o  vary from the  value of t h e  advancing angle  t o  zero 
simply by removing l i q u i d  from the drop, an a r b i t r a r y  receding angle  was 
generated by removing from the  drop nea r ly  the  same volume of l i q u i d  which 
had been p rev ious ly  added t o  the  drop t o  generate  t h e  advancing angle .  By 
u s i n g  i n i t i a l  l i q u i d  drops of approximately 1 mm i n  diameter ,  t hen  adding 
an increment of l i q u i d  t o  generate  the advancing ang le ,  then withdrawing 
an equa l  increment t o  gene ra t e  the receding ang le ,  v a r i a t i o n s  i n  t h e  
c o n t a c t  angle  due t o  i n i t i a l  drop s i z e  and l i q u i d  increment s i z e  were 
minimized. Reproducible va lues  f o r  the receding ang le s  were obtained i n  
t h i s  way. T h i s  h y s t e r e s i s  e f f e c t  i m p l i e s  t h a t  once t h e  f i n i t e  energy 
b a r r i e r s  t o  spreading have been overcome by the  work i n p u t  t o  t h e  l i q u i d ,  
t he  s u r f a c e  remains we t t ab le  by the  l i q u i d .  These energy b a r r i e r s  may 
be due t o  weakly adsorbed contaminants, random roughness o f  t h e  pol ished 
s u r f a c e ,  o r  t r a n s i t i o n s  and hydra t ion  i n  the metal  oxide s u r f a c e  s t r u c t u r e .  

Since t h e  receding 

The E f f e c t  of Surface Aging on the Contact Angle 

The l i q u i d s  which showed a change i n  the  observed con tac t  ang le s  
w i t h  s u r f a c e  aging were water  and 90% hydrogen peroxide.  F igu res  4 and 
5 compare the  observed c o n t a c t  ang le s  w i t h  aging times up t o  30 minutes 
f o r  water  on pol ished and s a t i n i z e d  metal s u r f a c e s .  F igu re  4..4 g ives  t h e  
same comparison f o r  water on Pyrex g l a s s .  S i m i l a r  comparisons a r e  shown 
f o r  90% hydrogen peroxide on pol ished metal  s u r f a c e s ,  Pyrex g l a s s ,  and 
s a t i n i z e d  metal s u r f a c e s  i n  Figures  6 and 7 r e s p e c t i v e l y .  

The advancing c o n t a c t  angle  of water on po l i shed  aluminum inc reased  
from 3" t o  about 30" over t h e  30 minute time per iod (Figure 4.1) .  These 
obse rva t ions  probably r e f l e c t  t he  gradual formation of a hydrophobic l a y e r  
on the  s u r f a c e  of t h e  aluminum as i t  aged. The formation of such a l a y e r  
was  probably due t o  adso rp t ion  of organic  vapors from t h e  atmosphere. 
T h i s  was c l e a r l y  demonstrated by White ( 3 0 )  who showed t h a t  aluminum 
exposed only t o  pyrolyzed a i r  remained hydroph i l i c  and water we t t ab le .  
The p y r o l y s i s  e v i d e n t l y  removed t h e  organic contaminants from t h e  a i r .  
When t h e  same sample of aluminum was exposed t o  unpyrolyzed a i r ,  t h e  su r -  
f a c e  became hydrophobic i n  a few minutes j u s t  as i t  d i d  i n  the  p re sen t  work. 
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The advancing c o n t a c t  angle  of water  on po l i shed  s t a i n l e s s  s t e e l  
i nc reased  from 2' t o  14" i n  20 minutes on a v i s i b l y  d r y  p l anche t  s u r f a c e .  
A f t e r  20 minutes, condensation on t h e  p l anche t  s u r f a c e  caused coa le sc ing  
of t he  t es t  drop wi th  minute d r o p l e t s  beyond t h e  t e s t  drop boundary 
r e s u l t i n g  i n  an a r t i f i c a l l y  low c o n t a c t  ang le .  

The e f f e c t  of s a t i n i z i n g  the  p l anche t s  was t o  keep t h e  l i q u i d - s o l i d  
c o n t a c t  angle low under the  same aging cond i t ions  t h a t  produced a hydro- 
phobic su r face  on the pol ished p l anche t s  (Figure 5) .  
g l a s s  remained hydroph i l i c  during aging (Figure 4.4) .  

Pyrex 7740 chemical 

Seve ra l  e f f e c t s  were shown by t h e  90% hydrogen peroxide on t h e  s o l i d  
s u r f a c e s .  Polished aluminum (Figure 7.1)  became hydrophobic du r ing  t h e  
30 minute aging pe r iod ,  t h i s  behavior i s  s i m i l a r  t o  t h a t  obtained w i t h  
water .  The pol ished Type 301 s t a i n l e s s  s tee l  remained we t t ab le  by the  
90% hydrogen peroxide du r ing  t h e  aging pe r iod  while  t h e  po l i shed  t i t a n i u m  
a l l o y  (Figure 7.2) and Pyrex 7740 chemical g l a s s  (Figure 8) slowly developed 
a hydrophobic s u r f a c e .  

Apparent l a r g e  con tac t  ang le s  were observed f o r  drops of 90% hydrogen 
peroxide on s a t i n i z e d  aluminum and Type 301 s t a i n l e s s  s t e e l .  When t h e s e  
drops were viewed from above, a w e t  a r e a  could be seen extending outward 
from the  per imeter  of t h e  l i q u i d - s o l i d  i n t e r f a c i a l  boundary i n d i c a t i n g  t h a t  
l i q u i d  had migrated from beneath the  drop out a long t h e  s u r f a c e  of the 
roughened planchet .  From the  f a c t  t h a t  t h i s  e x t r a - p e r i p h e r a l  l i q u i d  
remained i n  a t h i n  f l a t  s h e e t ,  t he  conclusion w a s  drawn t h a t  t h e  roughened 
s u r f a c e  was being wet by t h e  90% hydrogen peroxide with an  accompanying 
zero t r u e  contact  angle .  The drops wi th  t h e  apparent  l a r g e  c o n t a c t  angle  
were probably i n  me tas t ab le  equ i l ib r ium.  Although t h e  parameters which 
c o n t r o l  these anamalous drops were no t  c l e a r l y  sepa ra t ed  i n  t h i s  work, 
wicking of the l i q u i d  along a roughened s u r f a c e  was probably an important 
parameter.  
wet s u r f a c e  was observed f o r  many of the  l i q u i d - s o l i d  combinations.  
These spreading e f f e c t s  a r e  d i scussed  i n  t h e  next  s e c t i o n .  

This  behavior  of l i q u i d  remaining a s  a d i s c r e e t  drop upon a 

Marangoni E f f e c t  

The Marangoni o r  "wineglass" e f f e c t  c o n s i s t s  of a heaving o r  bulging 
i n  a l i q u i d  s u r f a c e  due t o  mass t r a n s p o r t  a long the  s u r f a c e  caused by 
s u r f a c e  t ens ion  g r a d i e n t s .  T h i s  phenomenon occurred w i t h  s e v e r a l  of  t h e  
l i q u i d s  i n  t h i s  s tudy ,  namely, UDMH, A r i z i n e  50 blend,  n i t r i c  a c i d  pro- 
p e l l a n t  Type I I I B ,  and d i - n i t r o g e n  t e t r o x i d e .  When t h e  phenomenon 
occurred i t  gave a f a l s e  appearance of a drop of l i q u i d  forming an 
apprec i ab le  c o n t a c t  ang le .  Close examination of the system showed the  
presence of a t h i n  l i q u i d  f i l m  extending from t h e  pe r iphe ry  of t he  drop 
out  over the s u r f a c e  of t h e  p l anche t .  
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Figure 8 
A Drop of Absolute Ethanol Viewed From Above Spreading on Polished Aluminum 

With a Near-Zero Contact Angle 

- 23 - 
Harris Research Laboratories, Inc. 



Bascom and S i n g l e t e r r y  (213 have demonstrated t h a t  a mixture  of l i q u i d s  
of d i f f e r e g t  evapora t i sx  r a t e s  and s u r f a c e  t e n s i o n s  i s  a requirement f o r  
t h i s  e f f e c t .  The d i f f e r e n t  evaporat ion r a t e s  l ead  t o  l o c a l i z e d  d i f f e r e n c e s  
i n  c o n c e n t r a t i m  of the  two l i q u i d s  which i n  t u r n  l ead  t o  a r e a s  of t he  
l i q u i d  havi--Lg d i f f e r e q t  su r f ace  t e n s i o n s .  Due t o  the tendency of a system 
t o  minimia2 i t s  su r face  energy, t he  a r e a s  of  l o w  s u r f a c e  t e n s i o n  spread 
toward the  high o m s  dragging underlying l i q u i d  along. T h i s  produces a 
p i l e  J P  of l i qu id  which gives  t h e  appearance o f  a drop o r  non-wetting 
system. T h i s  appearaslce of non-wetting i s ,  however, an i l l u s i o n .  The 
l i q u i d  a c t u a l l y  w e t s  t h e  s o l i d .  

A l l  of the  l iq j i ids  which exh ib i t ed  t h i s  e f f e c t  must be mixtures .  I n  
f a c t ,  they are  a l l  mixtures, e i t h e r  a s  o r i g i n a l l y  prepared a s  i n  t h e  case  
of n i t r i c  acid or  become mixtures due t o  decomposition a s  i n  t h e  case of  
M2O4 and 30:: hydrogen peroxide.  

The apFtara-zce o f  a Marangoni e f f e c t  drop i n  c o n t r a s t  w i th  a drop 
forming a f i n i t e  con tac t  aiigle may be seen by comparing Figure 8 wi th  
Figure 9 ,  

CONCLUSIONS 
j_ 

1. A l l  of  t h e  l i q z i d s  spread on a l l  of t h e  f r e s h l y  cleaned s o l i d s  
t o  a near  zero con tac t  aqgle .  

2 Folished alurninilm and 301 s t a i n l e s s  s t e e l  become hydrophobic 
a f e w  m i w t e s  a f t e r  c l e a n i n g  so t h a t  water  and 90% hydrogen peroxide 
form s u b s t a n t i a l  cor\tact  angles  on t h e i r  s u r f a c e s .  
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Figure 9 

During t h e  Operation of t h e  "Wineglass E f f e c t "  
A Drop of UDMH Viewed From Above Shnwing  t h e  In te r fe rence  Bands (arrow> 
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